phosphorylated by CDKs, which blocks association with the APC/C. Germany Several mechanisms have been implicated in controlling the formation and activation of the APC/C-Cd20 holoenzyme (Peters, 2002). In yeast and mammalian Summary cells, Cdc20 is only present during G2 and mitosis due to cell cycle-regulated transcription and APC/C-depenThe WD repeat protein Cdc20 is essential for progression through mitosis because it is required to activate dent proteolysis. However, there is a lag period between the appearance of Cdc20 in G2 and its binding to the ubiquitin ligation by the anaphase-promoting complex (APC/C). Here we show in yeast that Cdc20 binds to APC/C in metaphase. Binding of Cdc20 might be facilitated by the phosphorylation of APC/C subunits during the CCT chaperonin, which is known as a folding machine for actin and tubulin. The CCT is required for mitosis, but it is unclear whether this modification is essential for the activation of APC/C-Cdc20. Activation Cdc20's ability to bind and activate the APC/C. In vivo, CCT is essential for Cdc20-dependent cell cycle of APC/C-Cdc20 is blocked by the spindle assembly checkpoint as long as sister kinetochores are present events such as sister chromatid separation and exit from mitosis. The chaperonin is also required for the that have failed to attach to microtubules emanating from opposite spindle poles (Musacchio and Hardwick, function of the Cdc20-related protein Cdh1, which activates the APC/C during G1. We propose that folding 
with the APC/C particle at 36S, suggesting that a large (Ursic et al., 1994; Vinh and Drubin, 1994) . Anti-HA immufraction of Cdc20 was associated with other complexes.
noprecipitations from strains shifted to 37ЊC revealed To identify Cdc20 binding proteins, we compared immureduced amounts of Cct1 in cct1-2 mutant cells generatnoprecipitates from Myc18-CDC20 and CDC16-myc6 ing a structurally defective CCT ( Figure 1D Coimmunoprecipitation of Myc9-Cdc20 with Cct2-ha3 in gels loaded with preparative Myc18-Cdc20 immunowas undetectable in the cct1-2 mutant and severely precipitates (data not shown). Mass spectrometric analreduced in the cct4-1 mutant. These data show that ysis identified the proteins Cct1/Tcp1, Cct3, Cct4, Cct5, association of Cdc20 with the CCT requires a functional Cct6, and Cct8, which are all subunits of the CCT chapchaperonin. In contrast, the activity of APC/C-Cdc20 eronin. Accordingly, the high molecular weight forms of was not required for Cdc20's ability to bind to the CCT. Cdc20 comigrated with the CCT at 20S through the cdc20-1 and cdc20-3 mutant cells fail to activate the glycerol gradient ( Figure 1A) . APC/C and arrest in metaphase at 37ЊC. Nevertheless, The genes CCT1 and CCT2 were modified to encode the mutant Cdc20 proteins still bound efficiently to the functional, HA3-tagged proteins (see Experimental Pro-CCT. Cdc20 also associated normally with the CCT in cedures). Anti-HA immunoprecipitations revealed that cells containing ts mutations in APC/C components both Myc9-Cdc20 and the untagged protein bound to (data not shown). the CCT with similar efficiency (data not shown but simiWe also investigated whether the CCT-Cdc20 interaclar to Figure 1C ). The stable interaction between CCT tion was regulated during the cell cycle ( Figure 1E ). and Cdc20 was specific since no interaction of Cct2-Myc18-Cdc20 was associated with Cct2-ha3 in proliferha3 could be detected with Myc9-Cdc5, Myc9-Cdc15, ating cells and in cells arrested in S phase or in mitosis. and 22 untagged proteins ranging in size from 18 to 126 Cdc20 is not expressed during G1. However, expression kDa (data not shown, see Experimental Procedures).
of Myc18-Cdc20 from the GAL1 promoter in ␣ factorNotably, CCT immunoprecipitates did not contain arrested CCT2-ha3 cells showed that Cdc20 could also APC/C components, suggesting that CCT binds to bind to the CCT during G1 ( Figure 1E , lanes 3 and 4). Cdc20 by itself but not to the APC/C-Cdc20 holoenThese data suggest that the CCT can recognize Cdc20 zyme. In summary, our data imply that Cdc20, together throughout the cell cycle. Association of Cdc20 with with actin and tubulin, belongs to a restricted set of CCT subunits was also observed in extracts from human proteins that specifically bind to the CCT with high afcells ( Figure 1F ), suggesting that binding to the CCT is finity.
an evolutionary conserved feature of Cdc20. We next investigated whether the interaction between Cdc20 and the CCT occurred in vivo or after cell lysis in the extract. A mixing experiment was performed to Release of Cdc20 from the CCT Depends test whether the Cdc20-CCT complex could form de on the Hydrolysis of ATP novo in the extract ( Figure 1C ). Equal amounts of CCT1-Hydrolysis of ATP is required for the release of folded ha3 Myc9-CDC20 cells and wild-type cells were mixed actin and tubulin from the CCT (Gutsche et al., 1999). To and then lysed. Analysis of anti-HA immunoprecipitates test whether the CCT-Cdc20 interaction was sensitive to with antibodies to Cdc20 revealed that Myc9-Cdc20 but ATP, anti-HA immunoprecipitates were prepared from not Cdc20 was bound to Cct1-ha3 in this extract ( Figure  CCT1 -ha3 Myc9-CDC20 cells and washed extensively. 1C, lane 2). In contrast, Cdc20, but not Myc9-Cdc20, Addition of ATP but not buffer alone caused a timewas associated with Cct1-ha3 after mixing CCT1-ha3 dependent release of Myc9-Cdc20, actin, and tubulin cells with Myc9-CDC20 cells (lane 3). Similar results from the immobilized chaperonin into the supernatant were obtained with CCT2-ha3 strains (lanes 4 and 5). It ( Figure 2A ). Similar results were obtained when the CCT was always the endogenous Cdc20 protein that bound was immunoprecipitated from CCT2-ha3 strains (data to the tagged CCT subunits, demonstrating that Cdc20 not shown). As shown in Figure 2B , release of Myc9-was unable to bind de novo to the CCT in our extracts. Cdc20, actin, and tubulin occurred in the presence of Thus, coimmunoprecipitation reflects an interaction es-ATP but not in the presence of the nonhydrolyzable tablished in vivo.
analogs ATP-␥S and AMP-PNP. We conclude that To test whether binding of Cdc20 to CCT subunits Cdc20 behaves similar to actin and tubulin in that it required the integrity of the chaperonin, we introduced is released from the CCT in a reaction driven by the into a CCT2-ha3 Myc18-CDC20 strain the temperaturehydrolysis of ATP. This finding supports the notion that sensitive (ts) mutations cct1-2/tcp1-2 and cct4-1/ anc2-1, which cause defects in the cytoskeleton at 37ЊC Cdc20 is a substrate of the CCT. CCT Is Required for Binding of Cdc20 to the APC/C the formation of the APC/C-Cdc20 holoenzyme are independent functions of the CCT. and to Checkpoint Proteins We investigated whether the CCT was required for A mixing experiment was performed to test whether the CCT is required by Cdc20 or by the APC/C to form Cdc20's ability to bind to the APC/C. Myc18-CDC20 strains containing different cct mutations were shifted to the APC/C-Cdc20 holoenzyme ( Figure 3D) . A CDC23-ha3 strain and a Myc18-CDC20 strain were grown at 37ЊC followed by immunoprecipitations of Apc2 ( Figure  3A ). Myc18-Cdc20 bound to Apc2 in wild-type extracts, 25ЊC and shifted to 37ЊC for 120 min. Equal amounts of cells from both strains were mixed and then lysed. but this interaction was undetectable in extracts from cct1-2 cells and severely reduced in extracts from cct2-Analysis of anti-HA immunoprecipitates with an antibody to Cdc20 revealed that both Cdc20 and Myc18-326 and cct4-1 cells. In contrast, the APC/C components Cdc23 and Cdc27 were associated with Apc2 in all the Cdc20 associated with Cdc23-ha3 in this extract, demonstrating that the APC/C-Cdc20 complex was formed extracts. The cct1-2 mutation was used in further experiments because it caused the strongest defect in binding de novo in the extract ( Figure 3D , lane 2). Myc18-Cdc20, but not Cdc20, bound to Cdc23-ha3 after mixing Myc18-of Cdc20 to the CCT and the APC/C. At 37ЊC, cell cycle progression was defective in cct1-2 mutants (see be-CDC20 cells with CDC23-ha3 cct1-2 mutant cells (lane 3). In contrast, Cdc20, but not Myc18-Cdc20, bound to low). To control for potential cell cycle effects, association of Cdc20 with the APC/C was analyzed in wild-type Cdc23-ha3 after mixing CDC23-ha3 cells with Myc18-CDC20 cct1-2 mutant cells (lane 4). In summary, it was and cct1-2 mutant cells arrested at 25ЊC in S phase or in mitosis and then shifted to 37ЊC. Under all conditions, always the Cdc20 protein (tagged or untagged) from the CCT1 wild-type cells that bound to Cdc23-ha3. We binding of Myc18-Cdc20 to the APC/C component Cdc23-ha3 was strongly reduced in cct1-2 cells, conclude that Cdc20, but not the APC/C, requires the activity of the CCT for the formation of the APC/C-Cdc20 whereas binding of two other APC/C components, Apc2 and Cdc16, was normal ( Figure 3B ). These data show complex. We also tested whether CCT was required for the that the CCT is required for the binding of Cdc20 to the APC/C, but not for some of the protein-protein interacinteraction of Cdc20 with components of the spindle assembly checkpoint. Mad2 was associated with Myc9-tions within the APC/C particle.
We next considered whether defects in the cytoskeleCdc20 in wild-type but not in cct1-2 extracts ( Figure  3E , lanes 3 and 4). Mad2 was functional in cct1-2 cells ton rather than defects in the CCT per se prevented the binding of Cdc20 to the APC/C in cct mutants. Neither because it still bound to Mad1-myc9 ( Figure 3E , lanes 5 and 6), whose Mad2 binding site is similar to that of the microtubule-depolymerizing drug nocodazole (Figure 3B) Figure 4D ). To control for potential cell cycle effects, the experiment tion also required CCT activity. This was unlikely, however, because Bub3-ha3 was associated with the protein was repeated with cells arrested in S phase. Again, high levels of Cdc20 induced the degradation of Pds1-myc18 kinase Bub1-myc18 in extracts from wild-type and cct1-2 mutant cells shifted to 37ЊC ( Figure 3F , lanes 2 in wild-type, but not in the mutant cells ( Figure 4E ). These data show that activation of APC/C-dependent and 3). Accordingly, no interaction could be detected between Bub3 and the CCT (data not shown). In sumproteolysis by Cdc20 requires CCT function. mary, our data show that CCT is required for Cdc20's ability to interact with the APC/C and checkpoint pro-CCT Is Required for Sister Chromatid Separation teins.
and Exit from Mitosis The finding that Cdc20 activity requires CCT in vivo predicts that CCT should be required for the same cell
Analysis of CCT Function In Vivo
To analyze whether CCT is required for Cdc20 function cycle events as Cdc20. To test this prediction, we followed Pds1 protein levels, the behavior of sister chromain vivo, we first defined the cell cycle events that do and those that do not depend on the chaperonin. Small G1 tids, and cytokinesis as wild-type and cct1-2 mutant cells synchronously progressed through mitosis. To obcells were isolated by centrifugal elutriation from a wildtype and a cct1-2 strain and released into a synchronous serve sister sequences, the URA3 locus on chromosome V was marked with GFP ( Budding was delayed or even failed in many cct1-2 accumulated Sic1 as they underwent cytokinesis and arrested in G1 ( Figure 5A ). Also cct1-2 mutant cells replicells ( Figure 4A ). In cells that managed to produce a bud, cellular growth was directed more to the mother cated their DNA within 30 min after release but then failed to degrade Pds1, to separate sister chromatids, cells than to the bud. This defect in polarized growth was correlated with defects in the actin cytoskeleton and to exit from mitosis ( Figure 5B ). Inactivation of the spindle assembly checkpoint by deletion of the MAD2 (data not shown). Actin patches were slow or even failed to accumulate at the presumptive bud site. Also in smallgene failed to cause Pds1 degradation and sister chromatid separation in cct1-2 cells ( Figure 5C ). Similar rebudded cells the distribution of actin patches appeared less polarized than in wild-type cells. Anti-tubulin immusults were obtained after deleting the SWE1 gene in cct1-2 mad2⌬ cells ( Figure 5D ). Swe1 is required for nofluorescence revealed that the astral microtubules initially present in small G1 cells deteriorated over time the morphogenesis checkpoint, which is activated by defects in the actin cytoskeleton and blocks nuclear and that mitotic spindles failed to form (data not shown). Accordingly, nuclear division was undetectable. The division (Lew, 2000). We conclude that the CCT has an essential role in Pds1 degradation and sister chromatid mutant cells failed to initiate the APC/C-dependent proteolysis of Clb2, Kip1, and Cdc20, they failed to undergo separation that is independent from its function in the folding of actin and tubulin. The DNA damage checkcytokinesis, and they failed to rereplicate their DNA (Figures 4A-4C) . The cytoskeletal defects observed in point, which depends on the RAD9 gene, was shown to block sister chromatid separation by inhibiting the cct1-2 cells are consistent with the failure of the mutant CCT complex to bind to actin and tubulin. Significantly, degradation of Pds1 (Wang et al., 2001 ). However, cct1-2 mad2⌬ swe1⌬ rad9⌬ quadruple mutants failed several processes including cellular growth and DNA replication did occur in the mutant cells.
to degrade Pds1 and to separate sisters ( Figure 5E ). In summary, these data support the idea that the CCT is The failure of cct1-2 mutants to degrade APC/C substrates could result from the inhibition of APC/C-Cdc20 essential for sister chromatid separation because it is required for the activity of Cdc20. by the spindle assembly checkpoint or from a nonfunctional Cdc20. High levels of Cdc20 were shown to induce Deletion of PDS1 causes sister chromatid separation in apc and cdc20 mutants, demonstrating that APC/ degradation of Pds1 even under conditions that would stabilize Pds1 in normal cells, such as activation of the C-Cdc20's sole essential role in sister separation is to promote degradation of Pds1 . C-Cdc20. Most cct1-2 pds1⌬ double mutant cells failed residues of Cdc20 were dispensable for association with the APC/C whereas the WD repeats and the C-terminal to segregate sister chromatids all the way to opposite poles of the cells because sister segregation (but not region were essential ( Figure 6B and data not shown). These data show that CCT and the APC/C recognize separation) requires a functional spindle. The spindles generated during the arrest at 25ЊC were stable in Pds1-different structures within the Cdc20 molecule. Mad2 only bound to Cdc20 fragments containing the containing cct1-2 mutants but deteriorated rapidly as cct1-2 pds1⌬ cells initiated spindle elongation.
previously defined Mad2 binding site in the N-terminal region (Hwang et al., 1998) . Although binding of Mad2 Similar to apc pds1⌬ and cdc20 pds1⌬ mutants, cct1-2 pds1⌬ cells failed to exit from mitosis. This transito full-length Cdc20 required CCT activity, Mad2 also bound to Cdc20 fragments lacking the CCT binding retion requires the Cdc20-mediated degradation of Pds1 and B-type cyclins and is blocked by the BUB2-depengion ( Figure 6B, lanes 4 and 6) . Accordingly, in extracts from cct1-2 cells shifted to 37ЊC, Mad2 was associated dent spindle-positioning checkpoint until the spindle has been inserted into the bud neck (Burke, 2000) . In with the N-terminal fragment but not with the full-length protein or a variant lacking the first 130 residues (Figure cct1-2 pds1⌬ mutants, we frequently observed two GFP dots (i.e., separated sisters) in one cell body of large 6C). These data suggest that it is the presence of the WD propeller that renders binding of Mad2 to Cdc20 budded cells, indicating defects in nuclear positioning and spindle orientation. However, degradation of Clb2 dependent on CCT function. and accumulation of Sic1 were still blocked in cct1-2 pds1⌬ bub2⌬ triple mutant cells, demonstrating that Activation of the APC/C by Cdh1 Depends on CCT We next asked whether Cdh1, the G1-specific activator the spindle-positioning checkpoint is not essential for blocking mitotic exit in cct1-2 pds1⌬ cells ( Figure 5G) . of the APC/C, also required CCT function. As shown in Figure 7A , Cdh1 can bind to the CCT throughout the Taken together, our data demonstrate that the CCT is required for the function of APC/C-Cdc20 during entry cell cycle because Myc18-Cdh1 was associated with Cct2-ha3 in extracts from growing cells, from elutriated into and exit from anaphase.
G1 cells, from cells arrested in S phase, and from cells arrested in mitosis. This interaction was not detected CCT Binds to the WD Repeat Domain of Cdc20
Next, we defined the region of Cdc20 recognized by the with cct1-2 mutant cells, demonstrating that it depends on a functional CCT complex ( Figure 7B) . Furthermore, CCT. The primary sequence of Cdc20 can be divided into three regions: an N-terminal region containing the Myc18-Cdh1 was released from the CCT in the presence of ATP but not in the presence of nonhydrolyzable ATPMad2 binding site followed by seven WD repeats and a short C-terminal region ( Figure 6A ). Cdc20 fragments analogs ( Figure 7C) . We conclude that Cdh1 shows the properties of a CCT substrate. We then investigated carrying Myc18 tags at their N termini were expressed from the GAL1 promoter in CCT2-ha3 strains followed whether the CCT was required for the activity of the APC/ C-Cdh1 holoenzyme in vivo. Inactivation of the APC/C by anti-HA immunoprecipitations ( Figure 6B) . Deletion of the N-terminal (lane 5) or the C-terminal region (lane in G1-arrested cells was shown to cause precocious accumulation of mitotic cyclins and entry into S phase 2) did not significantly reduce binding of the remaining fragments to Cct2-ha3. Accordingly, the N-terminal re-(Irniger and Nasmyth, 1997). Indeed, cct1-2 cells arrested in G1 with ␣ factor and then shifted to 37ЊC accugion did not interact with the CCT (lane 6), suggesting that the CCT binds to Cdc20's WD repeats. Analysis of mulated Clb2 and initiated DNA replication (data not shown). However, it was possible that the cct1-2 mutant C-terminal deletions suggested that the binding site was located within repeats 3-5 (lanes 1-4) . Indeed, a fragcells accumulated Clb2 not because Cdh1 was defective but because they entered the cell cycle due to a defect ment containing repeats 3-5 (residues 333-460) efficiently bound to the CCT (lane 9), whereas no or very in pheromone signaling. To address this possibility, we analyzed ␣ factor-arrested wild-type, cct1-2, and cdc16-weak interactions were observed for repeats 1-3 and 5-7 (lanes 8 and 10) . A slightly smaller fragment (342-123 strains all containing a cdc28-4 mutation and expressing Clb2-ha3 from a weak, constitutive promoter.
460) still conferred strong binding (lane 12), but further truncations drastically reduced binding. We conclude
The cdc28-4 mutation, which inactivates the Cdk1 kinase, ensured that all strains remained arrested in G1 that the CCT binding site resides within a Cdc20 fragment of 118 residues. In a structural model of Cdc20's at 37ЊC. As shown in Figure 7D , Clb2-ha3 accumulated in cdc16-123 cdc28-4 and to a lesser extent in cct1-2 propeller, this fragment forms the blades III and IV followed by sequences from blade V, which pack against cdc28-4 cells, but not in the cdc28-4 control cells. These data demonstrate that the CCT is indeed required in G1-blade IV ( Figure 6A (B) Binding of Cdc20 fragments to the CCT, the APC/C, and Mad2. Cdc20 fragments tagged with Myc18 were expressed from the GAL1 promoter for 90 min at 30ЊC in CCT2-ha3 strains. Extracts, anti-HA, and anti-Myc immunoprecipitates were analyzed by immunoblotting. Strains: 1, Z1464; 2, Z1583; 3, Z1801; 4, Z1799; 5, Z1606; 6, Z1466; 7, Z1873; 8, Z1919; 9, Z1874; 10, Z1925; 11, Z2174; 12, Z2243; 13, Z2183; 14, Z2178. (C) Binding of Mad2 to Cdc20 fragments in wild-type and cct1-2 cells. Wild-type and cct1-2 strains expressing Myc9-tagged Cdc20 fragments from the CDC20 promoter were grown at 25ЊC, shifted to 37ЊC for 120 min, and processed for anti-Myc immunoprecipitations. Strains: 1, Z651; 2, Z1009; 3, Z2422; 4, Z2810; 5, Z2812; 6, Z2488; 7, Z2867.
arrested cells for the activity of APC/C-Cdh1 to prevent onin. In particular, the spectrum of physiological substrates and the mechanism of substrate recognition are the precocious accumulation of mitotic cyclins. We conclude that both Cdc20 and Cdh1 require CCT to activate poorly understood (Dunn et al., 2001) . Initially, the CCT was thought to fold only actin and tubulin but the identifithe APC/C. cation of other, noncytoskeletal, proteins requiring CCT for proper folding suggests that the chaperonin is imporDiscussion tant for a variety of cellular processes. Here we provide evidence that the APC/C activator The identification of natural substrates of the CCT is important to unravel the cellular functions of this chaperCdc20 is a substrate of the CCT in budding yeast and 
